Genetic knockout of hormone sensitive lipase (HSL) in mice has implicated the presence of other intracellular triacylglycerol (TAG) lipases mediating TAG hydrolysis in adipocytes.
INTRODUCTION
Obesity and its associated clinical sequelae (e.g. type 2 diabetes, atherosclerosis, and hypertension) represent the major and most rapidly expanding health epidemic in industrialized nations (1) (2) (3) (4) . Obesity results from an abnormal increase in white adipose tissue mass, primarily in the form of triglycerides, and, in humans, is thought to be caused by a complex array of genetic, environmental and hormonal factors (1, 4) . Under conditions of obesity, serum nonesterified fatty acids are elevated, contributing to the accumulation of triglycerides in nonadipose tissues (e.g. hepatic, myocardial, and pancreatic) and to the development of the type 2 metabolic syndrome (5) . The combined effects of excess cellular triglycerides, fatty acyl-CoAs, and free fatty acids are believed to be primary mediators of the lipotoxic effects of obesity which include decreased insulin sensitivity, increased oxidative stress, reduced metabolic capacity, and increased rates of cellular apoptosis in multiple organ systems (5) (6) (7) (8) .
Triacylglycerol/fatty acid recycling is an important mechanism by which adipocytes modulate fatty acyl flux in response to changing metabolic conditions (9) (10) (11) (12) . The TAG metabolic cycle encompasses both de novo triacylglycerol synthesis, which is thought to be mediated primarily through the concerted activities of glycolytic/glyceroneogenic enzymes, acyl-CoA dependent acyltransferases, and phosphatidic acid phosphatases (12) (13) (14) , and TAG hydrolysis catalyzed by triacylglycerol lipases (15, 16) . Hormone sensitive lipase (HSL) was the first intracellular lipase to be purified and cloned (17) , having since been extensively characterized in regard to its substrate selectivity and mechanisms of regulation (18, 19) . Results from these studies have emphasized the role of this enzyme in meeting increased systemic demand for free fatty acids through its activation via phosphorylation by protein kinase A (20) (21) (22) , the extracellular signal-regulated kinase pathway (23) and/or by interactions with various protein partners (18, 19) . Genetic knockout of HSL in mice has revealed that HSL catalyzes the rate determining step in the hydrolysis of adipose tissue diacylglycerol (DAG) since DAG, but not TAG, accumulates in these animals (24) . Furthermore, TAG is hydrolyzed less efficiently than DAG by HSL in in vitro assays (20) and measurement of TAG lipase activity in adipose tissue of HSL knockout mice demonstrates the existence of other as yet unknown TAG lipase(s) (24) (25) (26) (27) . Despite the obvious critical role of these non-HSL TAG lipases in adipocyte signaling and lipid homeostasis, virtually nothing is known about their molecular identity, catalytic properties, or mechanisms of regulation.
Although the biosynthesis of triglycerides is believed to be mediated primarily by an array of acyl-CoA-dependent enzymes in pathways utilizing either glycerol phosphate, dihydroxyacetone phosphate, or monoacylglycerol as initial acyl acceptors (13, 14) , the relative contribution of acyl-CoA independent transacylases utilizing mono-and diacylglycerols as acyl donors/acceptors in the synthesis of cellular TAG is largely unknown. Intestinal enterocytes contain an sn-1,2 (2, 3) -diacylglycerol transacylase which has been suggested to be important for the acyl-CoA independent transacylation of monoacylglycerol and diacylglycerol leading to the production of triacylglycerol for incorporation into chylomicrons (28, 29) . However, despite the apparent importance of acylglycerol transacylation in intestinal lipid transport and non-HSL TAG lipases in adipocyte lipid homeostasis, the molecular identities of the polypeptides catalyzing these reactions are currently unknown.
In the process of searching for novel calcium-independent phospholipases A 2 by protein sequence homology searches for candidate enzymes containing the iPLA 2 dual signature nucleotide (G/AxGxxG) and active site lipase (GxSxG) sequence motifs, we identified a subfamily of putative iPLA 2 enzymes (previously named adiponutrin, TTS-2.2, and GS2) of previously unknown catalytic function which each contain an N-terminal patatin (iPLA 2 α) homology domain as determined by protein family analysis (Figure 1) . One of these proteins, adiponutrin, has received much attention as an adipocyte specific protein which is downregulated by either fasting (30) or treatment with thiazolidinediones (31) and is acutely upregulated by refeeding a high carbohydrate (30, 32) or high protein diet (33) . Moreover, mouse adiponutrin mRNA is dramatically up-regulated during 3T3-L1 adipocyte differentiation (30) and TTS-2.2 has been shown to be associated with lipid droplets in CHO K2 cells (34) . In this study, we describe the cloning, heterolgous expression, and affinity purification of human iPLA 2 ε (adiponutrin), iPLA 2 ζ (TTS-2.2), and iPLA 2 η (GS2) in Sf9 cells. Furthermore primers were paired with probe (5'-TGTGCAGTCT-CCCTCTCGGCCGTATAAT-3').
Mouse iPLA 2 ζ forward (5'-GCCACAGCGCTGGTCACT-3') and reverse (5'-CCTCCTTGGACACCTCAATAATG -3') primers were paired with probe (5'-CCTGCCTGGGTGAAGCAGGTGC -3'). Quantitative PCR was carried out using TaqMan PCR reagents (Applied Biosystems) as recommended by the manufacturer with GAPDH primers and probe as an internal standard. Each PCR amplification was performed in triplicate for 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
Other Methods -Proteins were separated by SDS-PAGE according to the method of Laemmli (37) . For Western analyses, the separated proteins in SDS-PAGE gels were transferred to polyvinylidene difluoride membranes and subsequently probed with a mouse monoclonal anti- in adipocytes (24, 26, 27) . In this manuscript, we describe the cloning, heterologous expression, and affinity purification of three novel human iPLA 2 family members (ε, ζ, and η) and demonstrate that each possesses robust triglyceride lipase activity. Furthermore, iPLA 2 ε, iPLA 2 ζ, and iPLA 2 η each catalyze transacylation of a mono-olein donor to a diolein acceptor to produce TAG, thus representing a previously unrecognized acyl-CoA independent pathway for triglyceride biosynthesis in adipocytes. Importantly, iPLA 2 ε (adiponutrin) expression has been previously identified as adipocyte-specific (30) and iPLA 2 ζ (TTS-2.2) protein has been demonstrated to be enriched in CHO K2 cell liposomes (34) . Herein, we demonstrate that both iPLA 2 ε (adiponutrin) and iPLA 2 ζ (TTS-2.2) transcripts are induced several-fold during 3T3-L1 preadipocyte differentiation and that mRNA encoding all three (iPLA 2 ε, iPLA 2 ζ, and iPLA 2 η) are present in SW872 human liposarcoma cells.
Immunohistochemical analysis of 3T3-L1 and CHO cells expressing recombinant mouse adiponutrin (iPLA 2 ε) revealed that the protein was present in sub-plasma membrane punctate granular structures that did not surround the lipid droplets in these cells (30) Mouse adiponutrin was first identified by differential hybridization as a mRNA species that was strongly induced during differentiation of 3T3-L1 cells into adipocytes (30) .
Furthermore, adiponutrin mRNA was demonstrated to be exclusively expressed in adipose tissue (both white and brown), was dramatically increased after feeding (relative to the fasted state where it is virtually absent), and is inappropriately upregulated in genetic models of obesity (30, 32) . Subsequent studies have shown that expression of adiponutrin mRNA is rapidly induced in rats fed high sucrose (32) or high protein diets (33), but not a diet high in saturated or unsaturated fatty acids (33) . Although the significance of the diet-induced regulation of adiponutrin is not known with certainty at present, the acutely coordinated responses of adiponutrin mRNA to feeding and fasting make it likely that adiponutrin participates in TAG recycling in the adipocyte.
Traditionally, futile cycling has been envisaged as a mechanism to facilitate the rapid Gene sequence 2 (GS2, iPLA 2 η) was originally cloned in 1994 as the second gene present within a CpG island-rich contig of the distal short arm of human X chromosome (52) .
Located midway between the steroid sulfatase (STS) and Kallman syndrome (KAL1) loci, the GS2 gene is comprised of 7 exons which are distributed over 26 kb (52) . GS2 mRNA transcripts of varying size are highly expressed in liver, brain, and skeletal muscle with lower amounts present in lung, placenta, kidney, and pancreas (52) . Expression levels of GS2 mRNA in adipose Fractions from pFB control, human iPLA 2 ε(His) 6 , iPLA 2 ζ(His) 6 , or iPLA 2 η(His) 6 were incubated with [ 14 C-1]-mono-olein acyl donor in the presence or absence of 1,2-diolein or 1,3-diolein acyl acceptor at 37°C for 15 min. Radiolabeled products and remaining substrate were extracted into butanol, resolved by TLC, and quantified by scintillation spectrometry as described in Experimental Procedures. Data presented are the averages (± S.E.) of three independent experiments performed in duplicate.
